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	 emissions	 but	 practical	 and	 cheap	ways	 to	measure	 this	 trait	 are	 not	 currently	
available.	 In	 the	present	 study,	 four	CH
4








	 indicator	 traits	 were	 originally	 defined	 based	 on	 the	 measurements	 of	 FA	 content	 by	 gas	




















between	 the	 estimated	breeding	values	of	 sires	 that	 had	daughters	 in	production	 eructing	 the	highest	 and	 the	 lowest	CH
4
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1. INTRODUCTION
Livestock	production	is	considered	as	one	of	the	key	
sources	 of	 greenhouse	 gas	 emissions,	 the	 main	 gas	















	 in	 its	 greenhouse	 effect;	 therefore,	
the	 reduction	 of	 CH
4
	 would	 make	 an	 important	
contribution	for	decreasing	the	impact	of	greenhouse	











There	 are	 currently	 several	 methods	 available	
for	 obtaining	 CH
4
	 emission	 data	 on	 a	 small	 scale.	




the	 calorimetry	 method	 using	 respiration	 chambers.	




of	 animals	 that	 can	be	measured,	which	 reduces	 the	









a	more	natural	 environment	 (i.e.	 grazing).	However,	
obtaining	 an	 accurate	 direct	 measurement	 of	 CH
4
,	
using	 this	 method	 is	 complex	 and	 the	 recording	 of	
such	data	is	also	unfeasible	on	a	medium	to	large	scale.	







traits	 indirectly	 related	 to	 the	 CH
4
	 emissions,	 based	
on	milk	 composition	which	 is	 or	 could	 be	 routinely	
measured	 through	 milk	 recording.	 A	 particularly	
promising	 group	 of	 components,	 in	 this	 regard,	 are	







digestion	 in	 the	 rumen.	 The	 fermentation	 process	




pathway	 to	 expel	 this	 H
2
	 (Moss	 et	 al.,	 2000).	 The	






propionate	 (C3)	 synthesis	 consumes	 H
2
	 (Demeyer	
et	 al.,	 1975).	 The	 de novo	 synthesis	 of	 milk	 FA	 in	
the	mammary	gland	uses	mostly	C2	(85%	of	de novo	
synthesized	 FA)	 but	 also	 C4	 (10	 to	 15%),	 and	 a	
limited	 amount	 of	 C3	 to	make	 short	 chain	 FA	 (C4,	
C6,	and	C8),	nearly	all	medium	chain	FA	(C10,	C12,	
and	C14),	and	approximately	60%	of	C16	(Chilliard	





































–	 to	 develop	 MIR	 equations	 to	 predict	 fatty	 acid	
	 derived	 CH
4
	 indicator	 traits	 developed	 in	 the









2. MATERIALS AND METHODS





	 indicator	 traits	 derived	 from	
FA	are	given	in	the	literature.	The	indicators	defined	
by	 Chilliard	 et	 al.	 (2009)	 and	Dijkstra	 et	 al.	 (2011)	




(2009)	 were	 investigated	 in	 the	 current	 study.	 The	
CH
4
	 indicator	 trait	 defined	 by	Dijkstra	 et	 al.	 (2011)	
was	not	considered	in	this	study	because	its	formula	
was	 developed	 from	 less	 abundant	milk	 FA	 and	 the	





2011).	As	 the	 MIR	 spectrometry	 is	 used	 by	 nearly	

























would	 have	 led	 to	 an	 accumulation	 of	 prediction	
errors	 for	 this	CH
4
	 indicator.	Also,	 by	 re-computing	
the	 calibrations	 for	 all	 traits,	 the	 obtained	 equations	
were	comparable	and	adapted	to	the	range	of	variation	
in	the	reference	data.
The	 calibration	 dataset	 used	 to	 develop	 the	MIR	
calibration	 equations	 for	 the	 CH
4
	 indicator	 traits	
contained	 602	Walloon	 milk	 samples	 and	 their	
corresponding	 gas	 chromatographic	 FA	 profile	 and	




The	 reference	 values	 for	 the	 CH
4
	 indicator	 traits	
(called	 hereafter	 Methane_1	 to	 Methane_4)	 were	
computed	 from	 the	 FA	 contents	 measured	 by	 gas	
chromatography	 by	 using	 the	 equations	 published	












développées par Chilliard et al. (2009) et utilisées dans la procédure de calibrage développée dans cette étude ainsi que les 
paramètres statistiques calculés pour les équations MIR développées à partir des données wallonnes (g par jour).
Indicator trait Equation 
(fatty	acids	in	g.100	g-1	of	fat)
R2ref N Mean SD SECV R2cv
Methane_1	(g	per	day) 9.97	x	(C8:0	to	C16:0)	–	80 0.88 597 447 68 19 0.92
Methane_2	(g	per	day) -8.72	x	C18:0	+	729 0.88 602 422 61 18 0.91
Methane_3	(g	per	day) 282	x	C8:0	+11 0.81 595 369 43 23 0.72








Methane_1	to	Methane_4)	—	coefficient de détermination publié dans la littérature entre les prédictions de CH
4
 obtenues à partir 
des données chromatographiques en phase gazeuse et les données SF
6
;	N:	number	of	samples	used	in	the	calibration	set	—	nombre 
d’échantillons utilisés dans le set de calibrage;	Mean:	mean	of	the	reference	values	— moyenne des valeurs de référence;	SD:	standard	
deviation	of	the	reference	values	—	écart-type calculé pour les données de référence;	SECV:	standard	error	of	cross	validation	—	erreur 
standard de validation croisée;	R²cv:	cross	validation	coefficient	of	determination	—	coefficient de détermination obtenu pour la 
validation croisée. 
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these	four	indicators	(R2ref)	varied	between	0.81	(i.e.,	








after	 applying	 a	 first	 derivative	 pre-treatment	 on	 the	
recorded	spectral	data.	A	t-outlier	test	was	performed	to	
delete	potential	outliers	during	the	calibration	process.	
This	 process	 explained	 why	 the	 number	 of	 samples	
used	for	each	developed	equation	was	slightly	different.	
The	 robustness	of	 the	developed	MIR	equations	was	
assessed	 by	 cross-validation	 using	 50	groups.	 The	
cross-validation	 coefficient	 of	 determination	 (R²cv)	
and	 the	 cross-validation	 standard	 error	 (SECV)	were	
calculated.	




Milk	 samples	 were	 collected	 from	 Holstein	 cows	
belonging	 to	 1,207	herds	 between	 January	 2007	 and	









	 prediction	 equations	 developed	 by	
Chilliard	et	al.	(2009)	and	adapted	for	MIR	spectra	in	
this	study	were	applied	 to	 the	 recorded	MIR	spectral	
data	to	predict	MIR	literature	indicators	of	the	quantity	
of	 the	 eructed	 CH
4
.	 The	 dataset	 contained	 262,759;	
203,092;	 and	138,117	records	 collected	 from	53,481;	
41,419;	 and	 28,978	first,	 second,	 and	 third	 parity	
Holstein	cows,	respectively.	All	of	these	records	were	
observed	between	5	and	365	days	in	milk	(DIM).	The	
pedigree	 data	 was	 extracted	 from	 the	 pedigree	 used	
for	 the	 regular	 Walloon	 genetic	 evaluation	 for	 milk	
production	traits.	
2.3. Estimation of genetic parameters
Single	trait	test-day	random	regression	animal	models	
were	used	to	model	the	variability	of	the	studied	traits:





6	 to	 day	365),	 and	 age	 at	 calving	 (9	classes:	 21	 to	
28	months,	29	to	32	months,	and	33	months	and	more	
for	first	 lactation;	31	 to	44	months,	44	 to	48	months,	
and	49	months	and	more	for	second	lactation	and	41	to	
57	months,	57	to	60	months,	and	60	months	and	more	
for	 third	 lactation);	 p	 was	 the	 vector	 of	 permanent	
environmental	 random	 effects,	 u	 was	 the	 vector	 of	
additive	genetic	effects;	Q	was	the	matrix	containing	
the	 coefficients	 of	 2nd	 order	 Legendre	 polynomials;	
e	was	the	vector	of	residuals;	X	and	Z	were	incidence	
matrices	assigning	observations	to	effects.
Variance	 components	 were	 estimated	 using	 the	
























	 was	 the	 covariate	 for	 Legendre	







	=	5.00.5(1.5x2	–	 0.5),	where	 x	=	 2[(t	 –	
5)/300]	–1.
Second,	 daily	 genetic	 correlations	 between	 two	
traits	 were	 estimated	 as	 correlations	 between	EBVd	
values	 of	 the	 two	 traits	 of	 interest	 for	 each	 DIM	
between	5	and	305.	Finally,	average	daily	correlations	
were	 defined	 as	 the	 average	 correlations	 across	 the	
entire	lactation.	
3. RESULTS AND DISCUSSION





on	 the	 gas	 chromatographic	 FA	 data	 included	 in	 the	
calibration	 set	 (i.e.,	 602	samples),	 the	 mean	 and	 SD	
obtained	 for	 the	 reference	 values	 for	 Methane_1	 to	
Methane_4	 were	 within	 the	 range	 of	 estimated	 CH
4
	
emission	 values	 published	 by	 Chilliard	 et	 al.	 (2009)	
(Table 1).	 The	 values	 for	 Methane_3	 tended	 to	 be	
lower	than	the	values	for	the	other	three	indicators.
The	 robustness	 of	 the	 MIR	 equation	 developed	
to	 predict	 the	 literature	 CH
4
	 indicator	 traits	 can	 be	
assessed	 by	 R2cv	 (Table 1).	 For	 all	 traits	 except	
Variability	of	methane	indicators	in	dairy	cows	 15
Methane_3,	 R²cv	 was	 at	 least	 0.91.	 Based	 on	 the	
obtained	 results,	 Methane_1	 and	Methane_2	 seem	 to	
be	 the	most	 relevant	MIR	 traits	 because	 they	 had	 the	
highest	 R²ref	 (as	 reported	 by	 Chilliard	 et	 al.,	 2009)	











3.2. MIR indicators of CH
4
 eructed by Walloon 
Holstein cows
Descriptive	statistics	for	the	common	production	traits	
and	 the	 developed	 MIR	 CH
4
	 indicator	 traits	 for	 the	
first	three	lactations	of	studied	Walloon	Holstein	cows	















within	 the	 range	 observed	 from	 the	 reference	 values	

















the	MIR	 based	 predictions	 of	 CH
4
	 in	 our	 study	were	




(Dehareng	 et	 al.,	 2012),	 as	well	 as	 the	CH
4
	 quantity	
measured	 from	 the	 group	 where	 these	 equations	














(Figure 1a).	 This	 pattern	 could	 be	 explained	 by	 the	










2007).	 However,	 at	 the	 beginning	 of	 the	 lactation,	










50-60	g	 per	 day.	A	 similar	 observation	was	 obtained	








	 predictions	 was	 slightly	 higher	 (1-2%)	
(Figures 1b and 1c).	It	can	be	attributed	mostly	to	the	
increase	 in	 milk	 production,	 DMI	 and	 body	 weight	
gains	(Grainger	et	al.,	2008;	Garnsworthy	et	al.,	2012).	
Despite	 their	 very	 simple	 nature,	 the	 evolution	 of	
the	MIR	based	CH
4
	 indicator	 traits	were	 in	 line	with	
expectations.
3.3. Heritability 
Average	 daily	 heritability	 for	 the	
four	MIR	CH
4
	 indicator	 traits	 ranged	
between	 0.29	 and	 0.35	 for	 the	 first	
lactation,	 0.26	 to	 0.40	 for	 the	 second	
lactation,	 and	 0.22	 to	 0.37	 for	 the	
third	lactation.	For	Methane_1,	which	
seems	to	be	the	most	relevant	indicator,	
the	 average	 daily	 heritabilities	 were	
0.35	 (±	0.01),	 0.38	 (±	0.01),	 and	0.34	
(±	0.01)	 for	 the	 first	 three	 lactations,	
respectively.	The	estimated	heritability	
suggested	 a	 potential	 transmission	
of	 the	 capacity	 of	 dairy	 cows	 for	
emitting	 high	 or	 low	 quantity	 of	
Table 2.	 Descriptive	 statistics	 for	 the	 common	 production	 traits	 and	 the	
CH
4
	 indicator	 traits	 for	 the	 first	 three	 lactations	 (with	 their	 corresponding	
SD)	—	Statistiques descriptives des caractères laitiers communément utilisés 
et des émissions de CH
4
 prédites par MIR pour les trois premières lactations 







Milk	(kg	per	day) 23.61	±	5.88 26.57	±	7.59 27.51	±	8.36
Fat	(g.dl-1	of	milk) 4.07	±	0.62 4.17	±	0.67 4.19	±	0.67
Protein	(g.dl-1	of	milk) 3.44	±	0.35 3.53	±	0.38 3.50	±	0.38
Methane_1	(g	per	day) 436	±	65 449	±	64 448	±	65
Methane_2	(g	per	day) 401	±	58 414	±	57 415	±	57
Methane_3	(g	per	day) 350	±	40 360	±	38 363	±	38
Methane_4	(g	per	day) 443	±	73 448	±	76 444	±	75
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CH
4
	 from	 generation	 to	 generation.	 However,	 this	
CH
4
	 indicator	 trait	 was	 basically	 derived	 from	 the	
saturated	FA	which	has	 reported	heritability	 values	
around	 0.40	 (Bastin	 et	 al.,	 2011);	 therefore,	 the	
values	observed	for	daily	heritabilities	in	this	study	
were	 expected.	 Previously	 reported	 heritability	 for	
the	 predicted	CH
4
	 production	 in	Holstein	 cow	was	
0.12	 (Cassandro	 et	 al.,	 2010)	 and	 0.35	 (de	Haas	 et	
al.,	 2011).	 In	 the	 study	by	Cassandro	 et	 al.	 (2010),	
the	CH
4
















the	 tendency	 found	 by	 these	 previous	 authors	 and	















negative	 energy	 balance	 of	 a	 cow	 at	 the	 beginning	
of	 the	 lactation	 which	 involves	 a	 mobilization	 of	
lipids	 from	 adipose	 tissue.	The	 energy	 is	 therefore	
partly	 obtained	 from	 metabolic	 processes	 which	
are	 controlled	 by	 different	 genetic	 processes.	 At	
later	 lactation	 stages,	 the	 cow	 is	 in	positive	 energy	
balance;	 therefore,	 the	 energy	 comes	 mainly	 from	
the	 ingested	 food	 (Friggens	 et	 al.,	 2007)	 which,	
given	the	results	obtained	here,	seems	to	be	captured	
well	 by	 the	 studied	 CH
4
	 indicator	 traits.	 Another	
explanation	could	be	the	increase	of	DMI	during	the	
mid	 and	 later	 lactation.	 Indeed,	 the	 CH
4
	 emission	
is	 positively	 correlated	 with	 DMI	 (Grainger	 et	 al.,	
2008),	 which	 is	 partially	 controlled	 by	 genetic	
process	(Berry	et	al.,	2007).	Finally,	the	shape	of	the	
heritability	 curves	 is	 also	 a	 function	 of	 the	 model	
used.	The	objective	of	this	research	was	not	to	study	
the	 optimal	 model	 for	 the	 studied	 traits.	 Previous	
studies	 for	 yield	 traits	 (e.g.,	 Gengler	 et	 al.,	 2005)	
showed	 the	 potential	 importance	 of	 herd-specific	
lactation	curves	and	the	differences	in	partitioning	of	
phenotypic	variances	across	 the	 lactation	according	
to	 types	of	herds.	Differences	among	herds	 in	 their	
feeding	management	are	expected;	therefore,	future	
research	will	need	to	address	this	issue.
Figure 1. Evolution	 of	 the	 four	 CH
4
	 indicator	 traits	 and	
milk	yield	 for	 the	first	 (a),	 second	 (b)	 and	 third	 (c)	 parity	
Holstein	cows	throughout	lactation	—	Évolution des quatre 
indicateurs CH
4
 prédits par MIR et de la quantité de lait 
pour les vaches Holstein au cours de leur première (a), 
deuxième (b) et troisième (c) lactation.

























































































































3.4. Phenotypic and approximate genetic 
correlations 




indicator	 traits	 and	 the	common	production	 traits	 are	
presented	in	table 3	for	the	first	lactation.	
Both	 phenotypic	 and	 approximate	 genetic	






were	 observed	 with	 other	 CH
4






for	Methane_3	which	was	 positive	 (0.24),	 indicating	








other	 complex	 model	 like	 life	 cycle	 assessment	
model	 indicates	 lack	of	 linear	 relationship	 (Sonesson	
et	al.,	2009).	Wall	et	al.	(2010)	mentioned	cows	with	
higher	 genetic	 merit	 for	 milk	 production	 produced	
less	CH
4
·kg-1	 of	milk	 on	 different	 diets	 possibly	 due	
to	their	low	maintenance	requirement	and	their	higher	































The	 approximate	 genetic	 correlations	 between	
the	 studied	MIR	CH
4
	 traits	 and	milk	 yield	were	 low	







EBVs	 for	 all	 studied	 CH
4













(c)	 lactations	 —	 Évolution des héritabilités journalières 
pour les quatre indicateurs CH
4
 au cours de leur première 
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For	 instance,	 the	 lowest	 EBV	 of	 sire	 for	Methane_1	
cumulated	 at	 305	days	was	 -11.12	kg	 and	 the	 highest	
was	13.06	kg.	The	range	between	EBVs	of	Methane_1	
was	 24.18	kg	 for	 the	 first	 lactation,	 29.33	kg	 for	 the	









first	one	and	slightly	 lower	 in	 the	 third	 lactation	(data	
not	 shown).	The	Pearson	 correlations	 of	EBV	 ranged	















	indicator	 traits	which	is	 in	 line	with	expectations	
that	animals	with	high	genetic	merit	for	yield	are	more	
efficient.	 However,	 selection	 is	 more	 on	 milk	 solids	
than	on	milk	yield	alone,	and	therefore	the	relationship	






	 indicator	 traits	 from	MIR	 spectral	 data	 based	on	
methane	 indicator	 traits	 published	 in	 the	 literature	





	 indicator	 traits	 suggesting	 a	 potential	
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